[1] We present results from ab initio calculations for the structures and energetic properties of neutral clusters containing water, carbon dioxide, and nitrous oxide using the complete basis set CBS-Q multilevel procedure. 
Introduction
[2] Water molecules participate in a wide variety of hydrogen and van der Waals bonds with solvent molecules to form weakly bound gas-phase moieties, i.e., water clusters Keutsch and Saykally, 2001] . Interest in the energetic and structural properties of these water clusters has increased considerably since the first spectroscopic observation of the water dimer [Gebbie et al., 1969] , the pioneering computational studies of Slanina and coworkers on the stability of water dimers in planetary atmospheres [Slanina, 1988; Slanina et al., 2001, 2006, and references therein] , and its implication as a causal or contributing factor in atmospheric heating Pfeilsticker et al., 2003; Vaida et al., 2003; Lotter, 2006] . In order to better understand the nature and stability of water clusters, substantial efforts have been made to understand how changes in cluster structures affect their physicochemical properties and shifts in absorption spectra Kjaergaard et al., 2003] . Thus, in order to accurately calculate changes in energetic properties upon complexation, it is important to have an accurate description of the geometry of the complex. Furthermore, to assess the impact of clusters on the environment, the clustering equilibria and atmospheric distribution must be accurately known.
[3] Obtaining structural information as well as energetic properties of small neutral water clusters has been the focus of a number of experimental [Curtiss et al., 1978 [Curtiss et al., , 1979 Liu et al., 1996 , and references therein] and a large number of theoretical studies [e.g., Fellers et al., 1999; Goldman et al., 2001; Dunn et al., 2004; Day et al., 2005; Scribano et al., 2006, and references therein] . Given the importance of atmospheric water clustering reactions and the ubiquitous nature of nitrous oxide (N 2 O) and carbon dioxide in the atmosphere, it should be informative to investigate the incremental attachment of solvent water onto these molecules according to simple reactions of the type,
where X represents CO 2 and N 2 O and to determine the corresponding energetic trends of solvation, cluster structures as well as atmospheric abundances.
[4] Structural information on small carbon dioxide water clusters (i.e., n = 1 -2) have been previously obtained from microwave spectroscopic experiments on the CO 2 ÁH 2 O [Peterson and Klemperer, 1984] and CO 2 Á(H 2 O) 2 clusters [Peterson et al., 1991] as well as from ab initio studies on the CO 2 Á(H 2 O) 2 [Nguyen and Ha, 1984] and CO 2 Á(H 2 O) 3 -4 clusters [Nguyen et al., 1997] . These studies demonstrated that (1) a T-shaped complex would be the dominant CO 2 Á(H 2 O) structure, (2) the CO 2 Á(H 2 O) 2 structure was found to be cyclical with one water molecule oxygen-bound to the carbon atom and the second water molecule hydrogen bonded to one of the CO 2 oxygens, and (3) the higher clusters, CO 2 Á(H 2 O) 3 -4 , would have typical cyclic structures where the CO 2 molecule folds onto the H 2 O-ring edge.
[5] There are significantly fewer studies concerning water clustering onto nitrous oxide and these efforts have centered chiefly on the first hydration step which results in the formation of N 2 OÁH 2 O. Particularly noteworthy is the study by Zolandz et al. [1992] who performed microwave spectroscopic/mass spectrometric experiments on the N 2 OÁH 2 O cluster. Their study demonstrated that a tilted, T-shaped N 2 OÁH 2 O structure having a typical second hydrogen bond within the complex is probably the most valid cluster configuration. More recent results of a combined IR and ab initio study of the N 2 OÁH 2 O cluster by Wójcik et al. [2001] as well as results from a high-resolution IR study by Gimmler and Havenith [2002] provide support for the predominance of a planar tilted N 2 OÁH 2 O geometry. There are apparently no reported experimental or quantum chemical data on the geometries for N 2 OÁ(H 2 O) n clusters with n > 1.
[ [Curtiss et al., 1979] ). Note that information of structural and energetic properties of higher XÁ(H 2 O) n clusters (n 4) is relatively limited, especially for N 2 O and CO 2 hydrates, and thus further work on the subject is required. Clearly, the solvation of N 2 O, CO 2 , and H 2 O by more than one water molecule, for instance, for n 4, plays an important role in our understanding of large weakly bound van der Waals type clusters, but it can also yield insight into the solubility of these gases into larger clusters, aerosols, water droplets, and bulk liquid water as well as provide fundamental molecular-scale information into the size, stability, and atmospheric distribution of these greenhouse agents.
[7] In this report, we have used high-accuracy ab initio complete basis set CBS-Q theory [Ochterski et al., 1996] to calculate structures, energetic trends of salvation, and atmospheric abundances of the N 2 OÁ(H 2 O) n , CO 2 Á(H 2 O) n , and H 2 OÁ(H 2 O) n clusters. In detail, we report both stepwise and total hydration free energies, enthalpies, and entropies for the lowest energy isomers for N 2 OÁ(H 2 O) n (n 5), CO 2 Á(H 2 O) n (n 5), and H 2 OÁ(H 2 O) n (n 4) as well as results for the pressure and number density of each greenhouse hydrate in atmospheric media up to 45 km altitude.
Computational Methods
[8] Quantum chemical calculations for the clusters N 2 OÁ(H 2 O) n , CO 2 Á(H 2 O) n , and H 2 OÁ(H 2 O) n were carried out using the multilevel CBS-Q [Ochterski et al., 1996] , CBS-QCI/APNO [Montgomery et al., 1994] , and G3 [Curtiss et al., 1998 ] model chemistry as implemented in the GAUSSIAN03 package [Frisch et al., 2003] . The general approach in the above methods is to first determine the structure and zero point energy of a molecule at a low level of theory (i.e., HF/6 -31G) and then perform higher-level single point calculations on a higher-accuracy geometry using larger basis set
In detail, the CBS-Q method builds on a sequence (six steps) of calculations at the CCISD(T), MP4(SDQ), MP2 (with complete basis set extrapolation), and HF (first geometry and frequency determination) level with increasingly larger basis sets. The largest basis set used in the CBS-Q method is the 6-311++G(3d2f,2df,2p) where the values in parenthesis indicate the multiple sets of polarization functions used for the second row elements, first row elements, and hydrogen, respectively.
[9] The CBS-Q procedure, as has been pointed out previously [Ochterski et al., 1996] yields reliable geometries and frequencies, necessary for accurate energy calculations. For instance, the mean absolute deviation of the CBS-Q method from experiment for 125 energies in the G2/97 test set [Curtiss et al., 2000] ). It should be mentioned that the CBS-Q method does not suffer from basis set superposition errors (i.e., the CBS-Q method is by definition BSSE-free and thus does not require counterpoise-type procedures to correct for basis set truncation). It should also be noted that the theoretical binding energies of hydrogen bonded clusters without BSSE corrections often more closely reproduce experimental clustering equilibria as BSSE and basis set truncation errors cancel (see Dunning [2000] and Masamura [2001] for a review on BSSE correction procedures and cluster binding energies). In addition, given the relatively small contribution of vibrational anharmonicity to the binding energies in small water clusters as demonstrated by Diri et al. [2005] (e.g., anharmonicity corrections to theoretical binding energies of (H 2 O) 6 are less than 4 kJ mol À1 ), we have not introduced such corrections into the results of the CBS-Q calculations. However, one of the key deficiencies in CBS-Q theory is that basis set expansion and increasing the degree of correlation contributes significantly to the cost of the calculation. Consequently, CBS-Q type calculations on clusters are currently limited to around eight water molecules [Likholyot et al., 2007] .
Calculation of Atmospheric Cluster Abundances
[10] In order to link the computational results from this study with atmospheric composition and chemistry, we have calculated the temperature-dependent changes in the free energies of the clustering reactions, DG o , for N 2 OÁ(H 2 O) n , CO 2 Á(H 2 O) n , and H 2 OÁ(H 2 O) n formation according to equation (1). Values for the free energies have been calculated from the CBS-Q data including the thermal corrections for the specified temperature. The CBS-Q procedure initially yields the zero-point-corrected electronic energy E O (at zero Kelvin), which is obtained from the zero-point energy (ZPE) and electronic energy (E Elec. ) according to the relationship
The value for E O is then used to compute the thermally corrected energy, E, and enthalpy, H Therm. , according to
and
where E Trans , E Rot , E Vib represent the translational, rotational, and vibrational contributions to the energy and R is the gas constant. The free energy is then obtained from the well-known relationship
and is easily transformed to yield the equilibrium constant, K, for the cluster forming reaction (1) according to
where DG o represents the standard free energy change for the cluster forming reaction (1). Values of the equilibrium constants are then applied together with reported values for the atmospheric pressures of H 2 O, and X (X = CO 2 or N 2 O) to yield values for the atmospheric pressure of the cluster XÁ(H 2 O) n as in
where P XÁ(H 2 O) n is the partial pressure of the cluster, K XÁ(H 2 O) n is the equilibrium constant for the clustering reaction,
is the water vapor pressure, and P X is the solute partial pressure (i.e., P CO 2 and P N 2 O ). Applying calculated values for K XÁ(H 2 O) n and reported data for P H 2 O , P N 2 O , and P CO 2 [Brasseur and Solomon, 2005] , we are able to generate pressure and number density profiles for water cluster as a function of atmospheric altitude.
Results and Discussions
[11] We begin our discussion by comparing results for cluster structures of our ab initio calculations with those obtained from select spectroscopic methods. We then briefly discuss recent experimental and theoretical efforts aimed at quantifying water dimerization equilibrium constants as well as to compare our current results with those measured previously. In the final section, we present results of calculations of the atmospheric abundances of molecular clusters with up to five water molecules.
Structures
[12] The MP2/6 -31(d) optimized structures and key geometric parameters for the N 2 OÁ(H 2 O) n , CO 2 Á(H 2 O) n , and H 2 OÁ(H 2 O) n clusters are shown in Figure 1 . Table 1 lists CBS-Q calculated and experimental geometric parameters as well as binding energies, when available, for the monohydrates N 2 OÁ(H 2 O), CO 2 Á(H 2 O), and H 2 OÁ(H 2 O). Structural data for the monohydrates have been obtained from microwave spectroscopic studies; however, we are not aware of any experimental studies which report geometries for the N 2 OÁ(H 2 O) 2 , N 2 OÁ(H 2 O) 3 , CO 2 Á(H 2 O) 3 and higher carbon dioxide water clusters.
[13] As can be seen from Figure 1 , we identified one principal monohydrate N 2 OÁ(H 2 O) cluster, namely the bent T-shaped structure a1, hich a second weak bond is [Zolandz et al., 1992] , P84 [Peterson and Klemperer, 1984] , P91 [Peterson et al., 1991] , D74 [Dyke and Muentner, 1974] , P92 [Pugliano and Saykally, 1992] , F99 [Fellers et al., 1999] , L96 , L97 [Liu et al., 1997b] ).
formed between a hydrogen on water and the oxygen on N 2 O. Given that the bent T-shaped geometry has previously been identified in the microwave spectroscopic work on N 2 OÁ(H 2 O) by Zolandz et al. [1992] , isomer a1 was taken as the basis for all subsequent energy, frequency, and atmospheric abundance calculations. For the other monohydrates, H 2 OÁ(H 2 O) and CO 2 Á(H 2 O), the agreement between the CBS-Q values for the reaction free energies and experimentally determined energies is good (see Table 1 ). There are only minor discrepancies between calculated CBS-Q and experimentally observed geometries for all three monohydrates. The largest discrepancy was found for the R NÁ Á ÁO distance in the N 2 OÁ(H 2 O) cluster, where the calculated distance is larger by 0.16Å than the reported microwave measurement of Zolandz et al. [1992] . Interestingly, our calculated CBS-Q estimate for the intermolecular oxygen (water) -nitrogen (nitrous oxide) bond distance of 2.749Å (see Table 1 ) agrees very well with other ab initio bond distances, i.e., the MP2/6 -31++G** theory level work by Wójcik et al. [2001] which yielded a 2.798Å distance and the BSSE corrected MP2 study reported by Cox et al. [1994] (2.776Å ).
[14] There are no reported experimental data for the structures and binding energies of the N 2 OÁ(H 2 O) n series for n > 1 and of the CO 2 Á(H 2 O) n series for n > 2, except for one microwave study by Peterson et al. [1991] , where the authors reported the structure of the CO 2 Á(H 2 O) 2 cluster. As may be seen from Figure 1 , the CBS-Q calculated geometric parameters for the CO 2 Á(H 2 O) 2 cluster b2 agree well with the values provided by Peterson et al. [1991] ; however, it is noted, as for the CO 2 Á(H 2 O) cluster (b1, Figure 1 ), that the calculated R CÁ Á ÁO distance in the CO 2 Á(H 2 O) 2 cluster is around 0.18Å shorter than the measured value of 2.877Å .
Clustering Thermochemistry
[15] The next section deals with the energetics of water attachment onto H 2 O, N 2 O, and CO 2 but will be proceeded by a brief discussion on the energetic trends of water dimerization. The motivation here is to test our methods for calculating energetic properties of the water dimer and compare our computed values with available experimental values. Figure 2 represents the CBS-Q, G3, and CBS-QCI/ APNO calculated water dimerization equilibrium constants for the temperature range 290-420 K. Also shown are experimental results at elevated temperatures (357 -383 K) obtained from thermal conductivity measurements by Curtiss et al. [1979] , direct measurement of the dimer concentration by Pfeilsticker et al. [2003] (292.4 K), Ptashnik et al. [2004] (292 and 342 K), and Lotter [2006] (301 K) by atmospheric long path visible and near-IR absorption spectroscopy as well as the more recent results from VRT potential calculations by Scribano et al. [2006] .
[16] From Table 1 and Figure 2 , it can be seen that all three ab initio methods, CBS-Q, and especially CBS-QCI/ APNO and G3, yield values for the free energy of water dimerization (or equilibrium constant lnK p ) that are in excellent agreement with the thermal conductivity measurements of Curtiss et al. [1979] obtained in the range 357-383 K. In addition, G3 and CBS-QCI/APNO perform somewhat better than CBS-Q theory. However, theoretical values for the water dimerization energy (or lnK p ) ) and VRT potential data [Scribano et al., 2006] . obtained by all three methods are within the reported experimental error limits (see Table 1 and Curtiss et al. [1979] ) (due to the very high computational cost involved, we did not apply the G3 and CBS-QCI/APNO methods to larger hydrates (i.e., n > 1); instead, for reasons of consistency we have used the CBS-Q method for all calculations of clusters with n > 1). Also displayed are the extrapolated values of lnK p , which are based on van't Hoff analysis of enthalpy and entropy changes (DH 0 = À15.0 ± 2.1 kJ mol À1 and DS 0 = À77.8 ± 5.4 J K À1 mol À1 ) for the water dimerization reaction as reported by Curtiss et al. [1979] assuming isothermicity of DH 0 and DS 0 . It is worth noting that there have been several theoretical studies suggesting that DH 0 and DS 0 vary significantly over temperature [Scribano et al., 2006] . However, given the paucity of reliable experimental data for the water dimerization equilibrium constant, we focus on the energetic trends reported by Curtiss et al. [1979] and adopt the approach applied in previous theoretical studies [Dunn et al., 2004] , in which DH 0 and DS 0 are taken to be temperature-independent. Also, as may be seen from Figure 2 , there are considerable differences between reported values of lnK p , at the same temperature (i.e., 300 K), and those obtained by Curtiss et al. [1979] . It appears that results of near-IR measurements of atmospheric water vapor [Pfeilsticker et al., 2003; Ptashnik et al., 2004; Lotter, 2006] Figure 3 ) with increasing cluster size, which suggests that the thermochemical properties of water in clusters containing three to four water molecules do not differ significantly from the properties of water in larger clusters, aerosols, water droplets, or even bulk liquid water.
[19] It should be noted that the low-energy equilibrium structures of the CO 2 Á(H 2 O) n clusters reported here (see Figure 1) Figure 3) . Theoretical CBS-Q values for DG 0 for the first four hydration steps of carbon dioxide are all within 2 -3 kJ mol À1 of the ab initio results by Nguyen et al. [1997] . Finally, we are not aware of any experimental determinations of hydration equilibria in higher carbon dioxide water clusters (n > 1). However, given the excellent agreement between the CBS-Q cluster geometry reported here and microwave data for the monohydrate and dihydrate as well as highlevel ab initio energies and geometries for the higher CO 2 Á(H 2 O) n clusters [Nguyen et al., 1997] , we are confident that the CBS-Q level CO 2 Á(H 2 O) n clustering equilibria reported here represent a new and accurate data set.
[20] The calculated energetic trends for N 2 O hydrates are similar to those of the CO 2 Á(H 2 O) n clusters (see Figure 3) . In particular, the enthalpies for N 2 O hydration follow those closely of CO 2 , (i.e., values for the stepwise hydration DH 0 for N 2 O are within less than 1 kJ mol À1 of the same reaction with CO 2 up to clusters with five water molecules and similarly converge toward bulk limits). As in the case of the CO 2 Á(H 2 O) n cluster series, the stepwise attachment of H 2 O onto N 2 OÁ(H 2 O) is likely to be dominated by the formation of ring-type structures (Figure 1a) [Zolandz et al., 1992] , which, in turn, lends support to the accuracy of the clustering thermochemistry reported here. Also shown in Figure 3 are the CBS-Q values for DG 0 , DH 0 , and DS 0 for water clustering up to the hexamer cage. The corresponding water cluster structures are depicted in Figure 1 . Water cluster geometries as well as their corresponding energetic properties have been studied in detail previously by experiment [Liu et al., 1994; Cruzan et al., 1996; Liu et al., 1997a Liu et al., , 1997b and by ab initio methods [Dunn et al., 2004; Day et al., 2005] . The reader is referred to these reports and references therein for a detailed description of small water clusters.
Atmospheric Cluster Distribution
[21] The thermodynamic data employed to calculate individual clustering equilibria and cluster abundances in the atmosphere are listed in Tables 2, 3 , and 4. Using reported monomer abundances [Brasseur and Solomon, 2005] and energetic data for individual clustering reactions from Tables 2, 3 , and 4 in conjunction with equation (6) and (7), we have calculated the atmospheric abundances (i.e., partial pressures in units atm) as well as number densities (i.e., cluster molecules per cm 3 ) of the N 2 OÁ(H 2 O) n , CO 2 Á(H 2 O) n , and H 2 OÁ(H 2 O) n series up to 45 km altitude and results thereof are shown in Figures 4a, 4b , and 4c, respectively.
[22] As may be seen from Figures 4a, 4b , and 4c, there are significant similarities between the abundances of N 2 OÁ(H 2 O) n , CO 2 Á(H 2 O) n , and H 2 OÁ(H 2 O) n clusters. First, the abundances for all clusters decrease with increasing altitude and second, the pressure profiles for the smaller clusters (i.e., with one and two water molecules) exhibit a moderate inflection at around 15 -20 km altitude. The former is easily explained by the decreasing water vapor pressure with increasing altitude and the increasing effect of the water monomer pressure on the abundance of higher hydrates (see equation (7)). Thus, although the atmospheric abundances of the monohydrate N 2 OÁ(H 2 O), CO 2 Á(H 2 O), and H 2 OÁ(H 2 O) are governed by the shifting balance between changes of the clustering equilibria and monomer abundances, the abundances of larger clusters are foremost dominated by the exponential water monomer term in equation (7). The second notable feature at around 15-20 km (i.e., tropospause) arises from a distinct temperature inversion (see Figure 3 ) in this region of the atmosphere and the effect of this temperature change on the clustering energies is clearly seen in Tables 2, 3 , and 4.
[23] The clustering energies derived from CBS-Q calculations and reported monomer partial pressures have also been applied to predict cluster number densities at each temperature and results thereof are summarized in Table 5 . As can be seen from Table 5 , H 2 OÁH 2 O clusters represent the largest fraction of the three monohydrates up to around 10 km altitude, whereas number densities of CO 2 ÁH 2 O clusters are predicted to exceed those of the N 2 OÁH 2 O cluster as well as water dimer in the interval from 15 to 40 km altitude. It should be noted that atmospheric pressures of CO 2 Á(H 2 O) and H 2 OÁ(H 2 O) clusters have been previously calculated using QCSID level theory ), which is in the same range as the CBS-Q theory level cluster pressure and density values of around 7.6 Â 10 À6 atm and 1.9 Â 10 14 cm À3 , respectively, reported here. In contrast, in a recent theoretical study, Dunn et al. [2004] reported a substantially higher value for the water dimer pressure and density at 298 K (i.e., 3 Â 10 À5 atm and 1.1 Â 10 15 cm
À3
), which can be attributed chiefly to their high water monomer pressure (0.031 atm versus 0.017 atm as reported by Brasseur and Solomon [2005] ). It should be noted that minor variations in water vapor pressure can have substantial effects on the calculated dimer pressure due to the squared dependence of the equilibrium dimer pressure on P H 2 O .
[24] Recently, Lotter [2006] , and 3.9 Â 10 14 cm
, respectively. Clearly, the relatively broad range of values reported for the dimer band FWHM and uncertainties due to the large noise to signal ratio make it difficult to determine an accurate value for the dimerization equilibrium constant. It is nevertheless remarkable that the range of K p values obtained from DOAS measurements by Lotter [2006] reasonably agree with the extrapolated K p values by Curtiss et al. [1979] and our quantum chemical calculations (see Figure 2) , respectively, which, in turn, lends support to the accuracy of CBS-Q and G3 type of calculations on water clusters. However, so far, the results by Lotter [2006] represent the only experimental determinations of water clustering equilibria at atmospheric conditions. Unfortunately, there are no reported measurements concerning the abundance of higher water clusters and clusters of the N 2 OÁ(H 2 O) n and CO 2 Á(H 2 O) n series in atmospheric media.
[25] One of the more important points illustrated in Table 5 is the high abundance of N 2 OÁH 2 O and CO 2 ÁH 2 O clusters predicted to be present in the atmosphere up to 45 km as well as significant levels of higher hydrates in the lower troposphere (i.e., 10 km altitude). At a temperature of 298 K, our CBS-Q calculations predict number densities for N 2 OÁ(H 2 O) and CO 2 Á(H 2 O) in the range of 2.7 Â 10 8 cm À3 and 9.5 Â 10 11 cm
, which corresponds to a ratio of monomer (i.e., unhydrated N 2 O or CO 2 ) to monohydrate of around 29,000 and 10,000, respectively. Thus, it is probable that in addition to the H 2 OÁ(H 2 O) moiety, other clusters, such as, for instance, the CO 2 Á(H 2 O) cluster could be present in sufficient quantities to have a nontrivial effect on solar absorption.
[26] Another noticeable point in Table 5 (5.4 Â 10 À9 atm), 6.8 Â 10 9 cm À3 (2.8 Â 10 À10 atm), respectively. Using a standard statistical thermodynamic approach, Headrick and Vaida [2001] have calculated altitude profiles (35 km) for water clusters up to the tetramer and, more interestingly, provided an outlook on how individual clustering equilibria are affected by temperature increases in a simulated global warming scenario (i.e., a uniform 2 K increase up to 35 km altitude). As expected, abundances of clusters with higher water numbers decreased with increasing altitude. However, every H 2 OÁ(H 2 O) n profile displayed a comprehensive nonlinear increase in abundance when temperature was increased and solar absorption was predicted to shift up by 0.05 W m À2 to values of around 0.5 W m
À2
. It should be noted that such elevated levels of atmospheric water oligomers are also anticipated to have a significant effect on the catalysis of atmospheric reactions. For instance, in the case of carbon dioxide hydration increasing toward carbonic acid, it has been demonstrated that a three-membered water cluster ring plays an essential role in the hydration reaction of CO 2 where the CO 2 Á(H 2 O) 3 transition cluster is oriented in an optimal manner to promote proton transfer in a rapid and concerted step [Nguyen et al., 1997] . Interestingly, similar water clustering reactions might proceed around other atmospheric gases such as formic acid [Aloisio et al., 2002] , acetic acid [Khare et al., 1999] , and potentially other small biomolecules, such as, for instance, neutral and zwitter-ionic glycine, which form strong hydrogen bonds, such that hydrated clusters would form a significant atmospheric repository of these species.
